Pelvic pain is a common presenting ailment in women often linked to ovulation, endometriosis, early pregnancy, ovarian cancer, and cysts. Clear differential diagnosis for each condition caused by these varied etiologies is difficult and may slow the delivery of therapy that, in the case of ovarian cancer, could be fatal. 
E NDOSALPINGIOSIS is a histopathologically recognized and not infrequently encountered condition identified in extratubal pelvic tissues in both pre-and postmenopausal women (1) . It may be associated with pelvic pain and is characterized by the presence of extrasalpingeal cystic spaces lined by cells that phenocopy a tubal-type epithelium. Human ovarian endosalpingiosis is most commonly diagnosed as an incidental finding when tissues are surgically resected for other reasons. Other generally involved sites where endosalpingiotic lesions are found include the uterine serosa, omentum, urinary bladder, bowel wall, and pelvic lymph nodes (1) (2) (3) (4) . Neither the origin nor the transformative potential of these ectopic cells are understood; however, in many cases of endosalpingiosis additional pelvic pathologies are present (5) . Case reports have found endosalpingiosis to be associated with ovarian surface papillary tumors, adenocarcinoma of the fallopian tubes, and endometriosis (5) (6) (7) (8) . In short of an animal model of endosalpingiosis coupled with the inability to track its course and lack of clinical correlation, there has been limited progress in understanding the condition and its implications to the health of affected women.
One of the prevailing views of the onset of ovarian cancer is the transformation of cells that comprise the surface epithelium into neoplastic cysts, possibly caused by the process of ovulation (9 -12) . The TGF-␤ superfamily of ligands, particularly TGF-␤ and activin, have been implicated in the regulation of ovulation; therefore, we targeted the signaling pathway used by these two ligands in developing a mouse model that might generate early stage ovarian surface epithelial (OSE)-derived neoplasms. TGF-␤ is known to be important in the regulation of the OSE, whereas activin functions in the control of wound repair and scar formation (13) (14) (15) (16) . Both ligands use Smad2 and Smad3 as common transcriptional coregulators; therefore, we directed a Smad2 dominant-negative (Smad2-dn) transgene to the ovary. The development of animal models of complex disease, especially those that present in a sexually dimorphic manner, has progressed significantly in the past 2 yr. Mouse models of endometriosis and endometrioid ovarian cancer have been developed using targeted genetic deletion of the Pten and K-ras genes in the OSE (17) . Advances have been made in BRCA1 and BRCA2 mouse models that phenocopy breast and ovarian cancer, and Smad7 up-regulation appears to be important to the TGF-␤-resistant endometrial cancers (18, 19) . Our model targeted the ovary to reduce the TGF-␤/ activin signal transduction pathway. These studies suggest that the origin of the endosalpingiotic lesions are from the Mü llerian epithelium and provide additional evidence that this cell type has a variety of endpoints to which it develops based on the genetic background and the microenvironment in which the cell exists.
Materials and Methods

Generation of transgenic animals
The genetic cassette used for creating the transgenic mice consists of a mouse minimal Mü llerian-inhibiting substance (MIS) promoter (Ϫ180 bp), an epitope tag (Flag), a C-terminal truncation of the human Smad2 gene (dominant negative), and a human GH polyadenylation sequence (Fig. 1A) . The DNA insert was digested free of vector sequence, purified by gel purification, and sent to the Northwestern University Transgenic and Targeted Mutagenesis Core Facility (CMIER) under the direction of Dr. Lynn Doglio, for pronuclear injection of one-cell stage mouse embryos on a CD-1 background. Injected embryos were reimplanted into
FIG. 1. Transgene construct actions in vitro and in vivo.
A, The transgene construct includes a 180-bp promoter region of the mouse MIS gene fused to a C-terminally truncated human Smad2 protein by the flag epitope tag. The series of primers used for RT-PCR analysis and genotyping are designated above the map. B, Transfection of Smad2-dn into Cos-7 cells indicates that this protein induces a dominant-negative effect in cells at basal levels and in the presence of activin. Shown are mean values from three separate experiments Ϯ SEM. Statistical analysis was performed using a t test with variance indicated by SEM (P Ͻ 0.01). C-G, Expression of Smad2-dn transgene mRNA in mouse tissues. Whole ovary, kidney fragment, and isolated ovarian OSE RNA from transgenic (T) and normal littermate (N) mice were subjected to RT-PCR methods described in Materials and Methods. C, A 717-bp product shown in the T lanes indicates the presence of the transgene in transgenic ovaries, but not in normal littermate ovaries (N). D, The transgene is also not expressed in transgenic (T) or normal littermate (N) kidneys. E and F, A 300-bp product using primers for normal Smad2 shows expression in ovaries and kidneys regardless of genotype. G, Amplified Flag cDNA in transgenic ovaries (T) and in isolated transgenic OSE cells (OSE). Amplified MIS cDNA in normal littermate ovaries (N) and in isolated transgenic OSE cells (OSE). Water controls run throughout the PCR process are indicated with an (H). H-M, Transgene localization in ovarian tissue. H, Normal littermate ovary depicting no production of flag protein in the follicles or the OSE. I, Transgenic ovary indicating flag protein immunolocalization in granulosa cells of a secondary follicle, a B/C primordial follicle (red arrow), and in the OSE. J, MIS protein located in granulosa cells of a small antral follicle and the OSE (red arrowheads) in normal littermate mice. The inset shows additional MIS protein production in the preantral follicle population. K, MIS located in the OSE (red arrowheads) and follicles of transgenic mice. B/C primordial follicle is indicated by the red arrow. L-M, Overlay images of phosphorylated Smad2 indicated by FITC, and nuclear stain indicated by 4Ј,6-diamidino-2-phenylindole. L, Normal littermate ovary indicating strong phospho-Smad2 protein production in follicles, and high levels in the OSE (red arrowheads). M, Transgenic ovary depicting decreased phospho-Smad2 protein in the ovarian follicles, and little phospho-Smad2 in the OSE (red asterisks). H-J were photographed at ϫ400 magnification, K-M were photographed at ϫ200 magnification using bright-field and fluorescence microscopy, respectively. pseudo-pregnant females. Weanlings were tail cut for purification of genomic DNA. To establish founder mice, tail DNA was genotyped by PCR using primers (5Ј primer: ACCATGGACTACAAGGACGAC, 3Ј primer: ACTGATATATCCAGGAGGTGG) designed to amplify a 717-bp product between the Flag epitope tag and the Smad2-dn coding region. Amplification was carried out for 30 cycles at an annealing temp of 58 C.
Breeding of transgenic mice
Three founder male mice were identified and used to establish three separate transgenic lines. Mice were maintained in accordance to the policies of the Northwestern University's Animal Care and Use Committee. Mice were housed and bred in a controlled barrier facility within Northwestern University's Center of Comparative Medicine. Temperature, humidity, and photoperiod (12-h light, 12-h dark) were kept constant. Founder line 1 was fed a diet containing phytoestrogens (Harlan Teklad irradiated 7912). Founder lines 2 and 3 were fed a phytoestrogen-free diet (Harlan Teklad Global 2019 or Harlan Teklad Breeder diet 2919). Founder line 1 was studied for well over a year before the line was lost (unrelated to the transgene). Founder lines 2 and 3 were subsequently generated and offspring were studied for over 1 yr. Data are presented for all three lines.
Cell culture and transient transfections
Cos-7 cells were maintained on 10-cm plates in DMEM supplemented with 10% fetal bovine serum, 1% antibiotic, 3.7 g/liter sodium bicarbonate, and incubated in a humidified atmosphere of 5% CO 2 at 37 C. At about 80% confluency, cells were split 1:5 into 24-well plates and transiently transfected 24 h later with 250 ng of the reporter DNA (p3TP-luciferase) and 25 ng of various expression vectors per well using LipoFectamine Plus Reagent (Invitrogen, Carlsbad, CA). DNA was balanced using empty vectors where needed. Cells were treated for 24 h with serum-free media or serum-free media plus Activin A (30 ng/ml). Measurement of luciferase activity was conducted as previously reported (20) . Data presented are averages from three separate experiments.
OSE isolation
Ovaries were removed from 10 adult transgenic mice, and isolation was performed using a previously described method (21) . Briefly, ovaries were placed in a culture dish containing Hanks' balanced salt solution at 4 C, followed by incubation in 10 ml Hanks' balanced salt solution with 0.2% trypsin for 30 min at 37 C and 5% CO 2 . The media containing the epithelial cells was transferred to 5 ml DMEM (supplemented with 4% FBS, 100 U/ml penicillin, 100 g/ml streptomycin, 5 g/ml insulin, 5 g/ml transferring, and 5 ng/ml sodium selenite) and pelleted by centrifugation. The pellet was resuspended in 2 ml of DMEM and placed in a single well of a six-well culture dish. Cells were cultured for 3 wk before RNA isolation.
RNA extraction and RT-PCR
Ovarian and kidney total RNA was extracted from transgenic and normal littermate mice using TRIZOL (Life Technologies Inc., Rockville, MD). Total RNA from the OSE cells was extracted using RNeasy Mini Kit (QIAGEN, Valencia, CA). Two to four micrograms were reverse transcribed into cDNA using Moloney murine leukemia virus reverse transcriptase in the presence of 20 pmol random hexamer oligonucleotides and 10 mm deoxynucleotide triphosphates (Promega Corp., Madison, WI). PCR was performed on transgenic and normal littermate ovarian and kidney cDNA for Smad2 using 35 cycles with annealing temperatures of 58 C, and Smad2-dn using 35 cycles with annealing temperatures of 52 C. For Smad2 a 300-bp product was expected using the following primers: 5Ј primer: CTCCAGTCTTAGTGCCTCGG, 3Ј primer: AACACCAGAATGCAGGTTCC. For Smad2-dn, a 717-bp product was amplified using the same primers designed for genotyping. PCR was performed on transgenic OSE cell cDNA for MIS using 35 cycles with an annealing temperature of 58 C and also for Smad2-dn using 35 cycles with annealing temperatures of 58 C. For MIS, a 293-bp product was expected using the following primers: 5Ј primer: TTGCTGAAGT-TCCAAGAGCCTCCA, 3Ј primer: GAAACAGCGGGAATCAGAGC-CAAA.
Immunohistochemistry and antibodies
Immunohistochemistry was performed using a previously described method (22) . For all instances, replacing the primary antibody with buffer and adding only secondary antibody was used as a negative control. Immunohistochemical images were acquired on a Nikon E600 microscope (Fryer Co. Inc., Huntley, IL) using a Spot Insight Mosaic 11.2 color digital camera and Advanced Spot Imaging software (version 4.6, Universal Imaging, Downington, PA). Immunofluorescent images were acquired on a Nikon E600 microscope using a Spot RT monochrome digital camera ( 
Fertility measurements
Transgenic and control female mice were paired with proven breeder CD-1 male mice. Each mating pair was housed together for an average of 7 months. The pairs were set up once breeding age was reached (ϳ65 d). The litter sizes of each mating pair were averaged at the time of birth, and the time interval between births was recorded as number of litters per month.
Hormone measurements
Serum FSH was measured by RIA (Ligand Assay and Analysis Core Laboratory, Center for Research in Reproduction, University of Virginia, Charlottesville, VA). The FSH RIA had a detection range of 3.5-30.7 ng/ml. The average intraassay and interassay coefficients of variation are from 4.6 -14.4%, respectively.
Results
Structure of transgene and function in vitro
The Smad2-dn transgene was targeted to the gonads in transgenic mice using a minimal mouse MIS promoter that has been reported to direct transgene expression to testicular Sertoli cells and ovarian granulosa cells (Fig. 1A) . The transgene construct generated includes the coding regions of human Smad2 but lacks three C-terminal serine residues that are normally phosphorylated as a consequence of TGF-␤ or activin receptor activation (23) . The C terminus is required for Smad2 biological activity; therefore, this truncation renders the protein capable of docking to a receptor but unable to act as a substrate and initiate downstream signal transduction events (24, 25) . Many laboratories including our own have used this transgene to decrease activin signaling in vitro (23) . To test the transgene activity in vitro, cos-7 cells were transfected with p3TP-luciferase, a known promoter target for activated Smads, in addition to Smad2 and Smad2-dn constructs (Fig. 1B) . In the presence of activin the luciferase response level increases with Smad2 transfection, and decreases significantly with Smad2-dn transfection. The Smad2-dn construct demonstrates a true dominant-negative effect in these cells at basal levels and in the presence of activin.
Transgene expression in vivo
The tissue distribution of the transgene was examined using specific primers and RT-PCR amplification of RNA isolated from whole ovary and kidney fragments of transgenic and normal littermate animals in addition to the OSE cells of transgenic ovaries (Fig. 1, C-G) . The transgene (717-bp product) was expressed in transgenic ovaries but not in transgenic mouse kidneys, nor in either tissue isolated from normal littermates (Fig. 1, C-D) . The endogenous mouse Smad2 gene (300-bp product), was detected in all tissues regardless of genotype (Fig. 1, E and F) . To verify cell-specific expression, the transgene (Flag-Smad2-dn) and MIS were also amplified from transgenic OSE cell RNA (Fig.  1G) . We further analyzed the chimeric flag-Smad2-dn protein by immunolocalization in ovaries of both genotypes. The flag epitope was not detected in any cell types within normal littermate mouse ovarian tissue (Fig. 1H) . Flag protein was detected in ovarian follicles of transgenic mice as early as the B/C primordial follicle (transitory primordial follicle containing squamous and cuboidal granulosa cells) stage, in addition to being localized within portions of OSE (Fig. 1I) . MIS protein was detected in granulosa cells of preantral and small antral follicles in mice of both genotypes. MIS was also detected in portions of the OSE in normal littermate and transgenic ovaries (Fig. 1, J and K) . Because the transgene was expected to block endogenous Smad2 activity, the presence and cellular location of phosphorylated Smad2 was immunolocalized to cells within the ovaries. Nuclear Smad2 was detected in the granulosa cells of all follicles regardless of genotype; however, levels were slightly decreased in nearly half the transgenic ovaries analyzed [decreased fluorescein isothiocyanate (FITC) stain in granulosa cells in Fig. 1M ]. Conversely, phospho-Smad2 was not detected in the majority of OSE cells in transgenic mice, whereas normal littermate animals had robust levels of nuclear Smad2 in the OSE (Fig.  1, L and M) . We quantified the amount of fluorescence in these panels by counting positively (FITC labeled) stained OSE cells. In the transgenic animals, 28% of OSE cells stained for phosphorylated Smad2, whereas 79% of OSE cells stained for phosphorylated Smad2 protein in normal littermate mice. Together, these RNA and protein data suggest that our transgene is targeted to the ovarian granulosa cells and the OSE but may have the most impact on the OSE cell population based on subsequent observations.
Fertility studies and serum FSH levels
Smad2-dn female mice were subfertile with a decreased litter size and breeding frequency in comparison to control breeding animals. Control CD-1 breeding mice had an average pup number at birth of 16.9, and a breeding frequency of 1.2 litters per month (n ϭ 3). The transgenic breeding mice had an average pup number at birth of 11.0, and a breeding frequency of 1.0 litter per month (n ϭ 6). In two of six transgenic breeder females, there was a delay in first pregnancy by 2 months of setting up the mating pairs (the other four breeders became pregnant shortly after the males were introduced), followed by a complete cessation of breeding after only two gestations. Considering the transgene is expressed in the granulosa cells of developing follicles, there might be an affect to normal folliculogenesis in our transgenic animals that subsequently alters fertility. Quantification of follicle populations and possible differences are ongoing. Endosalpingiosis does not normally present as a disease that causes infertility. However, because the condition is often incidentally found and because there is no diagnosis of the syndrome, it is not yet known whether there is a direct link between the fertility issues in our mice and the eventual development of endosalpingiosis.
There were fewer corpora lutea (CL) in Smad2-dn transgenic mouse ovaries compared with ovaries from normal littermates. When CL were counted in serial sectioned ovaries from animals ranging in age from 5-6 months, the average number present in normal littermate animals was significantly higher (P Ͻ 0.003) then that present in transgenic animals. Normal littermate mice had an average of 23.6 CL (n ϭ 3), whereas transgenic animals had an average of 16.4 CL (n ϭ 4). Additionally, serum FSH levels were measured and no significant difference between 3-month-old transgenic and normal littermate mice was found (data not shown). Therefore, suggesting that our transgene is only having a local ovarian affect.
Ovarian pathologies I: stroma, crypts, and invaginations
As the ovary ages it becomes increasing irregular in shape. However, many of the ovarian phenotypes that are commonly associated with middle and old age begin to appear in our transgenic animals by 3 months of age, and continually worsen. Stromal disorganization (classified as a stroma occupied with holes instead of densely packed with follicles and CL) was apparent in the medullary regions in most transgenic ovaries at all ages examined. Cryptic structures and epithelial invaginations began to emerge anywhere from 3-5 months in our animals. Crypts tend to be located near the hilus, whereas the invaginations resided near the outside edge of the ovary and invaginate inwards. The cells lining the crypts and invaginations display many characteristics of epithelial cells: columnar shape, basally oriented nucleus, and ciliation (Fig. 2, A and B) . These cells may originate from the ovarian surface epithelium or they may come from the epithelial cells that line the rete ovarii.
Ovarian pathologies II: lesions, inclusions, and cysts
During postovulatory repair in the mouse and human, it is commonly thought that displaced OSE cells either revert to an epithelial cell phenotype or go through an epithelial to mesenchymal transition. If incomplete transition takes place, cells can be incorporated into the stroma near the site of ovulation and likely form inclusion cysts (10) . Different types and conformations of serous, benign, cystic structures/lesions were commonly found in Smad2-dn mice around 8 -12 months of age, but we have also identified cyst formation as early as 3 months (Fig. 3) . Most transgenic ovaries contained multiple small lesions/inclusion cysts representative of classic ovarian endosalpingiosis seen in humans. Whereas other transgenic ovaries possessed one large cyst that was either fluid filled (in resemblance to those found in the inhibin-␣ transgenic mice) or contained a mass of cells, the origin of which is not known (Fig. 3, D-F ). Although cyst types were different in gross appearance, microscopic evaluation, number and location, the cells that line the cysts were epithelial in origin based on histomorphology.
The single layer of epithelium lining all the cysts is similar to a tubal-type epithelium. Three basic cell types are present in various numbers that resemble the three cell types found in the normal fallopian tube in women (oviduct in the mouse): pale focally ciliated cells, secretory or vacuolated cells, and dark intercalated cells with prominent basal nuclei (Fig. 4) . The cysts often exhibit irregular contours and occasional intraluminal stromal papillae. All of these characteristics associate with an endosalpingiosis phenotype more so than a serous cystadenoma phenotype. Inset is a ϫ200 magnification of A that was photographed at ϫ600 magnification. B, Invaginations of the ovarian surface frequently seen in young transgenic animals photographed at ϫ600 magnification. Cells are cuboidal in shape, ciliated (black arrow), and tend to layer upon each other in certain areas. Inset is a ϫ200 magnified image of where these invaginations are usually found. Black asterisks mark the edge of the ovary. To distinguish and verify the cell type lining the cysts, we stained sections for epithelial cell markers CK-19 and CK-8, and a granulosa cell marker inhibin ␣-subunit. CK-19 was detected in those cells that line the cysts and in OSE cells; however, CK-19 was not detected in the granulosa cells of follicles (Fig. 5, B and BЈ) . As expected, the inhibin ␣-subunit protein was detected in the granulosa cells of follicles but was not detected in the cells lining the cyst, confirming that the cyst cells are not granulosa cells (Fig. 5, C and CЈ) . CK-8 was also detected in cells lining cysts formed in Smad2-dn ovaries and was not detected in follicular granulosa cells confirming the CK-19 results (Fig. 5, E and EЈ) . Furthermore, CK-8 protein was detected in the OSE (Fig. 5F) .
A second animal model generated to block the activin signal transduction system is the inhibin ␣-subunit transgenic mouse (26) . Importantly, the inhibin ␣-subunit transgene is driven by a metallothionein-I promoter and is therefore ubiquitously expressed. However, similar to the Smad2-dn mice, the inhibin ␣-subunit transgenic females are subfertile and develop ovarian cysts (26) . The cysts are also lined by tubal-type cells that stain positively for CK-8, whereas the granulosa cells fail to stain with this marker (Fig.  5, H and I ).
Ovarian phenotype III: multioocytic follicles (MOFs)
The final phenotype encountered in both the Smad2-dn and the inhibin ␣-subunit transgenic mice is the formation of MOFs (26) . Although present at a low frequency, several types of MOFs appeared in founder line 1 transgenic animals. The most commonly detected MOFs were two oocytes per follicle. MOFs in the Smad2-dn mice appear in two configurations based on the encapsulated oocytes. Oocytes of some MOFs may possibly retain their embryonic connections (Fig.  6B) . Although more commonly, MOFs were detected that have independent separated oocytes (Fig. 6, C and D) . The somatic cells in the latter type of MOF have completely surrounded each individual oocyte, but a basement membrane has not. Interestingly, MOFs were not detected in Smad2-dn founder lines 2 and 3 kept on the phytoestrogenfree diet; however, when these transgenic animals were switched back to the original phytoestrogen-containing food, the MOFs reappeared in these lines (data not shown).
Discussion
Endosalpingiosis can be diagnosed, but its onset, progression, and implications for risk of other health complications is not completely understood. Two animal models that converge on the TGF-␤/activin signal transduction pathway and develop this condition can now be studied to provide answers to these important questions. The histogenesis of endosalpingiosis is debatable because the origins of the cells lining the cysts are not known for certain. The first prospect is that the cells are ovarian surface epithelia. The surface epithelium of the ovary is a single, simple epithelial layer of cells that undergoes dramatic reorganization during each ovulatory cycle. By unknown mechanisms, the OSE may become trapped within the stroma and instead of assuming a mesenchymal phenotype these cells undergo metaplasia to become Mü llerian-like epithelia (27) . These tubal-type epithelia may therefore make up the lining of the inclusion cysts that are often assumed to be the precursors of neoplastic progression (27, 28) .
The OSE and extraovarian mesothelium are both derived embryonically from the celomic epithelium and exist in a similar environment. However, in the adult, the two differentiated cell populations express the epithelial differentiation marker CA125 (also the tumor marker for ovarian and Mü llerian duct-derived neoplasms) differently (29) . CA125 is expressed in adult oviductal, endometrial, and endocervical epithelia, but not the OSE (10, 30) . The OSE is a fairly undifferentiated cell and it is thought that the accumulation of mutations in specific genes during ovulation can cause the OSE to differentiate into the serous, mucinous, or endometriod lineages associated with ovarian cancer. These varied cell fates suggest that the adult OSE may not be fully differentiated and that it possesses an intrinsic plasticity or pleuripotential resembling its mesodermal embryonic precursor more than the other celomic epithelial derivatives (oviduct, endometrium, cervix) (10) . Given that the OSE never acquired CA125 or lost it early in development, unlike the other celomic derivatives, suggests that this cell layer might be less committed to a particular phenotype in the adult. OSE transformation or differentiation probably also depends on the genetic and, very likely, the hormonal milieu.
The cell origin discrepancy arises due to the fact that the common subtypes of ovarian cancer (serous, mucinous, and endometroid) resemble epithelia that are not ovarian-like and are not normally present in the ovary itself (31) . Hence, the second potential origin of cells lining the endosalpingiotic cysts maybe structures that are embryologically derived from the Mü llerian ducts themselves (oviduct, uterus, endometrium, rete ovarii) as opposed to the OSE. Considering the serous appearance of our cysts, it is a formal possibility that components of the secondary Mü llerian system contribute these cells. This is possible if there is a developmental change in the expansion or differentiation of the celomic epithelium during development leading to embryologic rests of the Mü llerian-type tissue. Dubeau (31) suggests that a portion of the secondary Mü llerian system may not develop fully leaving remnants that may only differentiate under pathological conditions. If a second hit, such as loss of TGF-␤ signaling occurs, these cells may differentiate into the cystic structures that develop in our two mouse models. A fate map for these cells can now be examined with the two animal models created in our laboratories.
TGF-␤ and activin are involved in cell fate decisions and, in this case, may maintain the epithelial cell morphology associated with cells on the ovarian surface. TGF-␤ is important to cell cycle control, whereas activin is implicated in wound healing, providing two mechanisms by which the agonists of this signaling pathway might be involved in maintaining the normal OSE (32, 33) . The loss of this regulation in the Smad2-dn and inhibin ␣-subunit transgenic mouse models may result in the transition of some OSE into this tubal-type, more Mü llerian-like morphology and result in cysts lined with these epithelia. Whether another alteration (such as the loss of p53 associated with ovulation) or other insults to the cell will create the next step in oncogenesis is not known. It is widely held that endosalpingiosis is a benign condition; however, it may be impacted by tamoxifen treatment indicating that the cells can be influenced by steroid background (34) . A link between endosalpingiosis and ovarian cancer or other gynecological cancers has not been established but warrants further investigation.
Chodankar et al. (35) used the Cre-lox system to inactivate BRCA1 in granulosa cells by using the FSH receptor promoter as the driver. However, the inactivation of the BRCA1 gene in the granulosa cells surprisingly led to the development of cystic structures lined by cells of epithelial morphology, not granulosa cells. They hypothesize that the granulosa cells act at a distance to control Mü llerian epithelial tumorigenesis via a mechanism regulated by BRCA1. Signaling between granulosa cells and the OSE must occur given the requirement of ovulation at an explicit site on the ovarian surface. Because the transgene in our mice is expressed in both granulosa and OSE cells, we are unable to rule out the potential of defective signaling from the granulosa cells contributing to the cyst phenotype we observe. It is possible to speculate that the transgene directly functions in the granulosa cell population that then indirectly impacts the OSE or rete ovarii at a distance. How pathologies of the OSE are influenced by the granulosa cell compartment is an intriguing area of future investigation.
In general, the ovaries of the young transgenic mice seem to develop morphologies we would commonly associate with old age. The irregular shape, crypts, invaginations, inclusions, and cysts have historically been observed in wildtype mice close to 1 yr of age. Therefore, the ovarian age does not match the chronological age of the mouse. This is true of many idiopathic infertility patients, women who enter menopause early in reproductive life, and many PCOS patients (36 -39) . In each of these cases, the women are said to have ovaries that are older than their chronological age. An exception to this is a study which found PCOS patients entered menopause at older ages than normal women therefore suggesting these women's ovarian age to be younger than chronological age (40) .
The two mouse models share a second phenotype, the development of MOFs. A mechanism by which individual follicles become encapsulated by granulosa cells has not been determined; however, it is likely that estrogen plays an important role in the process and notably there may be significant cross talk. We are currently investigating the effect of phytoestrogen containing food on the formation of these structures as this could be a confounding factor in whether or not MOFs form in our transgenic founder mice lines. Overall, the inappropriate encapsulation of follicles in the Smad2-dn and inhibin ␣-subunit transgenic mouse models suggests that the TGF-␤/activin signal transduction pathway may somehow be involved. Neonatal exposure to estrogens results in an increased incidence of MOFs, which suggests a link between the steroid hormone and peptide hormone control of follicle development (41) . We hypothesize that MOFs form through the absence of an imposed signal to identify the outside border of the follicle thus resulting in groups of oocytes retaining intracellular connections formed during development that subsequently are not broken throughout germ line cyst breakdown. The basement membrane and somatic cells that usually encapsulate one oocyte per follicle somehow are misregulated and do not form the normal follicle borders. It is also unknown whether the MOFs we detect ovulate. If so, they potentially cause more damage to the ovarian surface epithelium, and therefore could increase the probability of cyst formation in adult life.
Generation of animal models for gender-specific diseases are crucial in revealing important new mechanisms by which genes work in a male or female environment. Males from the Smad2-dn and inhibin ␣-subunit transgenic backgrounds do not have any known phenotypes that directly impact fertility. Therefore, the ability to manipulate specific cellular functions in a sexually dimorphic manner provides insight into the hormonal and genetic requirements for cellular function. The origins of many diseases of the female reproductive tract The oocytes here are completely surrounded by granulosa cells. Sections were photographed at ϫ400 magnification, except C, which is ϫ200 magnified using bright-field microscopy.
are unknown and consequently difficult to treat. Pelvic pain is a frequent symptom with multiple etiologies. Therefore, it is necessary to continue to develop new diagnostics and expand treatment options to better understand the endosalpingiosis condition and intervene to improve the lives of women.
